INTRODUCTION
Reduction of N, or alternative substrates catalysed by nitrogenase requires ATP in addition to a suitable reductant. Determination of the in vivo energy requirement for N, fixation has been complicated by fixation being closely coupled to growth in free-living bacteria. Estimates of ATP/N, molar ratios obtained by comparing molar growth yields of cultures supplied with N, or NH,+ as nitrogen source range from 4 to 5 for Azotobacter chroococcum (Dalton & Postgate, 1969) , 20 for Clostridium pasteuriunum (Daesch & Mortenson, 1968) to 29 for Klebsiella pneumoniae (Hill, 1976) . Most in vitro studies with nitrogenase from several bacteria indicate a minimum requirement of four to five molecules of ATP per two electrons transferred (ATP/2e value). Higher or lower values have been reported, and the ratio has been reported to vary widely with pH, temperature and the ratio of the component proteins of nitrogenase (Ljones & Burris, 1972 ; see also Burns & Hardy, 1975; Orme-Johnson & Davis, 1977; Winter & Burris, 1976 ; Zumft & Mortenson, All nitrogenase preparations isolated so far catalyse an ATP-dependent reduction of H+ to H,, even in the presence of N, (Burns & Hardy, 1975; Zumft & Mortenson, 1975) . However, it has been difficult to measure H, evolution mediated by nitrogenase in vivo because of the presence of hydrogenase systems which mediate uptake (aerobic organisms) or evolution (anaerobic organisms) of H, (Hyndman, Burris & Wilson, 1953; Dixon, 1972) . Studies suggesting that nitrogenase-catalysed H, evolution occurs in vivo have been reported for K. pneumoniae (Hamilton, Burris & Wilson, 1964) and Rhodopseudomonas capsulata (Wall, Weaver & Gest, 1975) . Inhibitor studies (Smith, Hill & Yates, 1976) support the notion that the lack of H, evolution from intact N,-fixing Azotobacter chroo- coccurn is due not to lack of nitrogenase-mediated H, evolution, but to a H, uptake system. H, evolution presumably catalysed by nitrogenase has also been observed in root nodules (Schubert & Evans, 1976) and in blue-green algae (Bothe et al., 1977) . Schubert & Evans (1976) reported that the loss of energy as ATP and reducing power, attributed to H, evolution, may be as high as 40 to 60 % of the total energy flow through nitrogenase in soybean and other legume root nodules. Some of this energy may be recouped by recycling H2 through uptake hydrogenase (Schubert & Evans, 1976; Dixon, 1972) . Hill (1976) estimated that 45 % of the total energy flow through nitrogenase probably resulted in H, evolution in K. pneurnoniae. Recently, NH,+ assimilation has been blocked genetically or chemically (Gordon & Brill, 1974; Stewart & Rowell, 1975 ;  Weare & Shanmugam, 1976 ) thereby derepressing nitrogenase biosynthesis in freeliving micro-organisms and leading to excretion of fixed N, as NH,+. We have previously reported that mutant strains of K. pneumoniae, derepressed for nitrogen fixation and blocked in NH,+ assimilation, excrete large quantities of fixed N, as NH,+ Shanmugam et al., 1977~2) . Such strains provide a convenient tool for studying the physiology and energetics of N, fixation in vivo, where the energy consumption (as glucose) and the production of NH,+ can be determined directly using non-growing cells as described in this report. Construction of mutant strains blocked in the conventional hydrogen-producing system has also allowed investigation of nitrogenase-catalysed H, evolution in vivo.
METHODS
Bacterial strains. The isolation and characterization of K. pneumoniue mutant strains SK-24 to SK-60, and SK-512 have been described previously (Shanmugam, Chan & Morandi, 1975 ; Shanmugam, Morandi & Valentine, 19776) . Strains SK-48 and SK-49 were isolated as Nif-derivatives of strain Asm-1 using the procedure described for the isolation of Nif-derepressed strains . These strains are blocked in NH4+ assimilation, require glutamate or glutamine for growth, and are derepressed for nitrogenase biosynthesis in the presence of NH4+ (except SK-48 and SK-49). Strains N-20 to N-27 were isolated as chlorate-resistant derivatives of strain SK-24; strain N-61 as a spontaneous chlorate-resistant derivative of SK-25, and strains N-6 and N-15 as chlorate-resistant derivatives of K. pneumoniae ~5 a 1 . Energetics of nitrogen Jixation 109 the dialysis culture flask was measured on samples removed under a stream of Ar with Ar-filled syringes, and transferred to Ar-filled assay flasks, taking care not to expose the samples to Oz. When H, evolution was measured, no acetylene was added to the assay flasks. NH,+ was determined after Conway diffusion using Nessler's reagent (Ballentine, 1957 )~ or in untreated samples using an Orion model 95-10 ammonia electrode. The results from the two methods agreed well. Total ninhydrin-positive material excreted by the culture was determined as described by Spies (1957) . Glucose was determined by the ferricyanide method (Umbreit, Burris & Stauffer, 1964) or cnzymically using hexokinase (Calbiochem, Glucose Stat-Pack). Acetate was determined using the acetate kinase (Sigma)-hydroxylamine method (Holz & Bergmeyer, 1974) .
H, was determined with a Varian model 920 gas chromatograph equipped with a 1-5 m x 6.4 mm column of 0-5 nm molecular sieve (30 to 60 mesh) and a thermal conductivity detector. Nz was used as carrier gas (50 ml min-I), and the column temperature was 40 "C. Whole-cell protein was determined by the method of Drews (1965) using bovine serum albumin as a standard.
RESULTS
Excretion of NH4+ fromJixed N, Using a growth vessel in which the bacteria were grown inside a dialysis bag into which fresh medium could diffuse, and products such as NH4+ could diffuse out (Shanmugam et al., 1g77a) , the production of NH4+ from N, was measured in a number of nitrogenasederepressed mutant strains of K. pneumoniae blocked in the assimilation of NH4+ into amino acids.
The specific rate of NH,+ production was independent of the concentration of organisms inside the dialysis bag, and of the sparging rate, indicating that the transfer of N, to the liquid or diffusion of nutrients through -the dialysis membrane were not limiting under the conditions used. The time-course for the production of NH4+ by strain SK-25 is shown in Fig. I . The culture stopped growing after about 1.5 days due to depletion of glutamine, an essential amino acid for the growth of this strain. However, NH*+ production continued for almost I week after the stationary phase of growth was reached. The number of viable organisms was constant from the time growth stopped up to about 8 days, when a gradual decrease in viability occurred. The ratio of viable count to total cell count was determined by the slide culture technique according to Postgate (1969) ; up to 8 days the ratio was about 0.9. Organisms thus remained viable for long periods after they had stopped dividing, and even after they had lost most of their ability to fix N,.
In a parallel experiment, chloramphenicol (0.2 rng ml-l, sufficient to inhibit growth and nitrogenase biosynthesis completely) was added, both inside and outside the dialysis bag. Under these conditions, NH4+ excreting activity was lost more rapidly (Fig. I) , decreasing by 50 % after 2 days. This indicates that protein synthesis is necessary to maintain maximum N,-fixing activity.
The rates of NH4+ production and the maximum amounts of NH4+ produced by different Nif-derepressed strains of K. pneumoniae were determined (Table I ). All the Nif-derepressed mutant strains excreted large quantities of fixed N, as NH4+. Mutations which lead to a decreased ability to assimilate NH,+ into amino acids, for example, strains without glutamate synthase and glutamine synthetase, or glutamate dehydrogenase activities result in NH,+ excretion. NH,+ was the main excretion product of fixed N2 in these strains and accounted for more than go % of the ninhydrinpositive material excreted.
There was considerable variation in activity between the different strains. Rates of excretion as high as 3 pmol NH4+ h-l (mg protein)-l were observed (strain SK-54). Some of the strains continued to excrete NH4+ for almost 2 weeks (SK-29) and final levels as high as 450,umol (mg protein)-l were accumulated (SK-25). Strain SK-24, which is only about 65 % derepressed for nitrogenase biosynthesis in the presence of NH$ (Shanmugam & Valentine, 1g75) , also has low NH4+ excreting activity relative to the other strains, some * R, Often reverted during the course of an experiment; 0.3 mg penicillin ml-l was added after incubation for I day to prevent growth of revertants (see text for further discussion). S, Genetically stable, no reversion was observed.
t Glutamine was fed very slowly [0-5pg (ml total volume)-l day-l] into the culture throughout the experiment .
Energetics of nitrogen fixation
I 1 1 of which are essentially fully derepressed . No clear difference was observed between glutamate-or glutamine-requiring strains in their ability to excrete fixed N, as NH4+.
All except two of the strains examined (Table I ) stopped growing after about 1.5 days incubation. The exceptional strains, SK-29 and SK-59, continued to multiply very slowly during the entire course of the experiment (Table I) , and continued to produce NH,+ for 13 and 1 1 days, respectively. In another experiment, addition of small amounts of exogenous glutamine to a culture of strain SK-25 led to an increased period of NH,+ production (Table I) . These results, together with the chloramphenicol experiment described above, indicate that for NH,+ production to persist it may be essential to maintain a low rate of assimilation of nitrogen for synthesis of cellular proteins.
The Nif-derepressed strains were under a strong selective pressure for reversion to the parental phenotype which utilize NH,+ for growth. Many of the strains tended to be overrun during prolonged incubation by revertant types which consumed NH,+ (Table I) . To avoid this, penicillin (0.3 mg ml-I) was used in some experiments to selectively destroy these rapidly multiplying types. Glutamine-requiring strains appeared to revert less frequently than glutamate-requiring strains. The reason for this is not known.
Eflect of pH. Excretion of NH,+ by strain SK-25 was determined as a function of the pH of the incubation medium. In these experiments small numbers of organisms were used and the pH did not change significantly during the experiment. A broad pH optimum centred at pH 7 to 8 was observed (Fig. 2) . At pH values below 7, both the rate and the duration of NH,+ production decreased. At pH 8.5, growth was very slow and stopped after 3 days; however, the rate and duration of NH,+ production were not significantly different from the values at pH 7-3.
Efect of temperature. An increase in the maximum rate of NH,+ production was observed with increasing temperature in the range 19 to 29 "C ( Fig. 3) . A pronounced decrease in the duration of NH4+ production occurred above 25 "C. At 34 "C, the maximum rate of fixation was maintained only for about 12 h after growth had stopped (Fig. 3) .
The maximum temperature at which K. pneumoniae ~5 a 1 is able to grow on N, as nitrogen source is 35 to 37 "C (unpublished work; Hill, 1976). The pattern of NH4+ production was nearly the same regardless of whether the cultures were incubated at the higher temperature from the start of the experiment or grown at 25 "C before the temperature was shifted.
The apparent energy of activation for NH,+ production by nitrogenase was determined using strain N-20. Organisms were first incubated at 25 "C in the dialysis culture flask for 36 h, by which time growth had stopped and nitrogenase activity was at a maximum. Samples of the suspension were then incubated at different temperatures for short-term determination of the rate of NH,+ production. Control experiments, in which NH,+ production was measured using different numbers of organisms, established that N, diffusion into the liquid was not limiting. The energy of activation was calculated as 30 kJ mol-1 in the range 20 to 35 "C (Fig. 4) . Below 20 "C, the energy of activation was higher. Burns (1969) and Hardy et al. (1968) reported an energy of activation of about 60 kJ mol-1 for N, reduction catalysed by Azotobacter nitrogenase in vitro in the same temperature range. This suggests that the rate-limiting steps in the overall process of reducing N, to NH,+ in vivo and in vitro were different.
Energy requirement for N, Jixation
Nif-derepressed strains of K. pneumoniae excreted fixed N, as NH4+ whilst not growing, and provided a convenient experimental system for investigating the energy requirement for N, fixation in vivo. The energy requirement for N, fixation, in terms of mol glucose consumed per mol NH,+ produced, was determined for a number of the Nif-derepressed strains (for strain SK-25, see Fig. I ). These data were used to calculate the ratio of glucose consumed to NH4+ produced as a function of time (Fig. 5a ). The energy requirement was high initially when the culture was still growing, and then reached a minimum of about 3.8 mol glucose per mol NH,+ when growth stopped. The rate of NH,+ production, as well as the NH,+/glucose ratio, then gradually decreased with incubation time; after 7 days, g mol glucose were consumed per mol NH4+ produced. Table I summarizes the glucose requirement for N, fixation for various Nif-derepressed strains. The ratios are the minimum values determined during time-course experiments (as shown in Fig. 5 a) , and are based on the total rate of glucose consumption with no correction for basal levels of glucose catabolism. The minimum glucose requirement determined for strain SK-24 (Table I Fig. 4 . Arrhenius plot for NH4+ production from Nz in strain N-20. Suspension (2 ml) grown in the dialysis culture flask for 36 h was transferred anaerobically to 25 ml flasks filled with an atmosphere of N,. The flasks were incubated at the temperatures indicated. At 30 min intervals, H2 evolution was measured, samples were removed, centrifuged, and NH4+ and glucose concentrations were determined as described in Methods. The rates given are the linear rates observed during the first 1-5 h of incubation.
Age of culture (days) I ' H Temperature ( C) Table I ). The Nif-strains SK-48 and SK-49 consumed glucose at a much lower rate under the same conditions ( Table I) . Eflect of p H . The influence of pH in the incubation medium on the minimum glucose requirement for production of NH,+ from N, was investigated for strain SK-25 (Fig. 5b) . The glucose requirement was lowest at pH 8.5 and increased sharply below about pH 6.5. As shown in Fig. 2 , the duration and rate of NH,+ production also dropped significantly at low pH.
Eflect of temperature. The influence of temperature on the minimum glucose requirement for N, fixation was determined in a similar manner (Fig. 5c) . The glucose requirement increased with increasing temperatures from 19 to 34 "C.
To estimate the energy requirement for N, fixation in terms of ATP consumption the 
fermentation products must be measured, since K. pneumoniae can obtain ATP from the clastic cleavage of pyruvate to acetate, in addition to that obtained through the EmbdenMeyerhof-Parnas pathway to pyruvate (Hadjipetrou et al., 1964) . From the levels of acetate produced by several Nif-derepressed strains (Table 4) , the apparent ATP requirement for N, fixation was calculated by assuming an ATP yield of 2 + (mol acetatelm01 glucose)
per mol glucose fermented.
Isolation and characterization of mutant strains blocked in the conventional hydrogen-producivtg system Klebsiella pneumoniae can evolve H, at a high rate via the conventional hydrogenproducing system coupled to carbohydrate fermentation. The rate of H, evolution by strains SK-24 and SK-25 was still high when nitrogenase biosynthesis was repressed by aspartate plus glutamine as described by Shanmugam & Morandi (1976) (see Table 2 ). Mutant strains blocked in the conventional hydrogen-producing system were isolated as described in Methods. Chlorate-resistant clones (unable to assimilate nitrate to ammonia) were assayed for nitrogenase activity and H, evolution. Those clones which produced H, only in the presence of nitrogenase activity were selected for subsequent experiments. Both H, production and nitrogenase activities in strains N-15 to N-61 were more than gg % repressed by aspartate plus glutamine ( Table 2 ). The Nif-strain N-23 did not produce H,. When strains N-15 to N-61 were allowed to derepress nitrogenase, the rates of production of H, and NH4+ increased in parallel.
Cyanide inhibited H, evolution and nitrogenase activity in strains SK-24 and N-22 (Fig. 6) . With strain N-22 these two activities were inhibited in parallel. With strain SK-24, where H, evolution is mainly mediated by the conventional hydrogen-producing system, this activity was the more strongly inhibited. For example, I mM-NaCN produced a 40 % inhibition of H2 evolution and only a 15 % inhibition of nitrogenase activity. These observations suggest that strains N-15 to N-61 are blocked in the conventional hydrogenproducing system (not repressed by amino acids), and that H, production is mediated by nitrogenase and is repressed by amino acids. Strain N-6 is apparently only partially blocked ( Table 2) . Cultures of strains N-20 to N-27 were also assayed for H, uptake. Organisms growing in a medium containing aspartate plus glutamine, conditions which completely repress nitrogenase, were incubated with I % H, in Ar. No uptake of H, was detected (Table 2) . Resting suspensions also did not take up H, when incubated with benzyl viologen or methylene blue (2 mM each) as electron acceptors. Hydrogenase activity, measured as H, uptake with 2 mM-benzyl viologen as acceptor (Pichinoty, 1969) , was detected in extracts of strain N-20. The block is therefore apparently not in hydrogenase itself, but rather in the electron transport system coupling to hydrogenase.
Nitrogenase-catalysed H2 evolution Since strains N-20 to N-61 produced NH,+ and H, only via the nitrogenase system, they can be used to determine the relative rates of formation of these two products in vivo. NH4+ production and H, production were determined for these strains (see Fig. 7 and Table 3 ). With IOO % N, as the sparging gas, the rates of NH4+ production and H, evolution by strain N-20 were I -90 and 1-20 pmol h-l (mg protein)-l, respectively. Under these conditions, nitrogenase catalysed the formation of 0.63 mol H, per mol NH4+ produced. The range of H,/NH4+ ratios determined for strains N-22 to N-61 was 0.6 to 0.7 (Table 3) , with an average molar ratio of 0.65. When the sparging gas was changed to Ar (at 56 h, Fig. 7) , NH,+ production stopped and the H, production increased from 1.2 to 3-3 pmol h-l (mg protein)-l. A decrease in H, evolution and a resumption of NH4+ production occurred when the sparging gas was changed back to N, at 79 h.
Thus when N, is not available as a substrate, nitrogenase will catalyse a rapid energy- Flasks ( 5 ml) with I ml glucose minimal medium containing L-glutamate (0.1 mg ml-l) or L-aspartate plus L-glutamine (each I mg ml-l) were inoculated and incubated overnight at 25 "C in a gas phase of Ar. H, production (in Ar atmosphere) and acetylene reduction (in N, atmosphere) were measured after I h incubation as described in Methods. Hz uptake was measured in an atmosphere of I % Hz in Ar. All results are expressed as pmol h-l (mg protein)-l. N-22 (b) by cyanide. Cultures were grown overnight in glucose minimal medium containing 0.1 mg L-glutamate ml-l. NaCN was then added and nitrogenase activity (acetylene reduction) and H, evolution were determined (see Methods).
Aspartate+ glutamine
dependent H, evolution in vivo. The total rate of electron flow through nitrogenase (to H+ plus Nd, calculated from the data in Table 3 , shows a decrease of 20 to 25 % under Ar compared with Nz for all the strains tested. A similar decrease in the rate of glucose consumption was observed under Ar (Table 3) . Under these conditions, the rate of glucose consumption was linear with time, since growth had stopped after about 30 h (compare contained less than 20 % N,. A Lineweaver-Burk plot of the data gave an apparent K , for N2 of 0.06 atm (6 kPa). This is somewhat lower than the apparent K,,, for N, reported for nitrogenase from K. pneumoniae in vitro [ O~I atm (21 kPa); Parejko & Wilson, 19711 . Acetylene completely suppressed nitrogenase-catalysed H, evolution ( Table 2) .
The H2/NH4+ molar ratio as a function of pH and temperature was determined in short-term experiments with a non-growing culture of strain N-20 (Fig. 8) . The pH dependence of the rate of NH4+ production was similar to that observed in long-term experiments with SK-25 (Fig. 2) . There was little change in the rate of NH,+ production and in the H,/NH4+ molar ratio in the range pH 6.5 to 8-5. At pH values below 6, a pronounced drop in the rate of NH4+ production and a simultaneous rise in the H,/NH,+ ratio was observed. At pH 4.8, the ratio increased to 1-9 and the rate of NH4+ production decreased to 25 % of the maximum. The pH dependence of glucose consumption was also similar to that in strain SK-25 (Fig. 5b) . At pH 4.8, 8.0 mol glucose were consumed per mol NH4+ produced (Table 4) .
The H,/NH4+ molar ratio remained constant at temperatures below about 20 "C but increased with temperatures above 20 "C (see Fig. 8 b) . The rate of NH,+ excretion increased with temperature to 40.4 "C, the highest temperature tested (Fig. 4) . The glucose consumption in these experiments agreed well with the temperature dependence observed for Fig. 8. (a) Nitrogenase-catalysed production of H2 and NH4+ in strain N-20 as a function of pH using glucose minimal medium with 0.1 M-Na/K phosphate buffer (0) or glucose minimal medium with 0 . 1 3 M-Tricine/NaOH buffer and 0.02 M-Na/K phosphate buffer (m). The culture was allowed to induce a maximum level of nitrogenase in the dialysis culture flask and then 2 ml samples were transferred anaerobically into flasks (25 ml) filled with N, and containing 2 ml buffer at the desired pH. A small loss of NH3 to the gas phase at pH 8-9 was corrected for by comparison with a standard run under identical conditions with (NH4)$04 but no organisms.
H, evolution and NH4+ production were determined as described for Fig. 4. (b) Nitrogenasecatalysed production of H2 and NH4+ in strain N-20 as a function of temperature at pH 7.3. The experiment was performed as described for Fig. 4 . Samples taken from the experiments described in Table I SK-25 in long-term experiments (Fig. 5c) . The glucose requirement for N, fixation, the levels of acetate formed from fermentation, and the calculated apparent ATPIN, values under different conditions are presented in Table 4 . 
S H A N M U G A M DISCUSSION
Energy (ATP) requirement for N, Jixation Nitrogen fixation in K. pneumoniae in vivo was most efficient below 25 "C, and at a pH of 7 to 8. The minimum energy requirement for N, fixation was about 4 mol glucose consumed per mol NH,+ produced for the Nif-derepressed strains and varied little from strain to strain, although the rate of fixation varied threefold. The Nif-strains SK-48 and SK-49 consumed glucose at 25 % of the rate of N,-fixing strains ( Table I) . This indicates that the major part of the energy derived from fermentation of glucose was used for N, fixation in these Nif-derepressed strains under the present experimental conditions.
The observed increase in glucose/NH,+ molar ratio with time ( Fig. 5a) could not be explained by a change in the fermentation pattern because the acetate/glucose molar ratio did not change significantly during the incubation, nor by an increase in the amount of energy lost through nitrogenase-catalysed H, evolution. The H,/NH,+ molar ratio was not significantly increased after 6 days incubation of strain N-20 in the dialysis culture flask, although the rate of NH,+ excretion had decreased to 45 % of its maximum value.
The increase in glucose/NH,+ ratio with time (Fig. 5a) .may be caused in part by a decreased rate of fixation increasing the relative contribution of ' maintenance ' energy requirement in the overall rate of glucose consumption.
The energy requirement for N,-fixation in terms of ATP may be estimated when the fermentation pathways for glucose are known. In K. aerogenes, acetate production is a measure of the ATP obtained through the clastic cleavage of pyruvate ( I mol ATP per mol acetate) (Hadjipetrou et al., 1964; Stouthamer & Bettenhaussen, 1973) . Hill (1976) reported that K. pneumoniae could grow anaerobically on pyruvate producing I mol acetate per mol pyruvate consumed and we obtained similar results (Table 4 ). An apparent ATP requirement of 2 1 to 25 ATPIN, was calculated for N, fixation in some of the Nifderepressed strains at pH 7.3 and 25 "C. If the rate of glucose consumption in the Nifstrains SK-48 and SK-49 (Table I ) measures ' maintenance ' energy requirement for the organism, then the apparent ATPIN, value for the nitrogenase reaction is about 14 to 16. This is considerably lower than the value of 29 ATPIN, estimated by Hill (1976) for K. pneumoniae growing on N,, but is closer to the value estimated for C. pasteurianum (Daesch & Mortenson, 1968) .
If the nitrogenase-catalysed H, production in the presence of N, (H,/NH,+ molar ratio of 0.65) is also considered, an apparent ATP/2e ratio of about 4 is deduced (calculated value 3.7 for strain N-20). This agrees with minimal values of 4 to 5 ATP/ze reported in most recent in vitro studies (Burns & Hardy, 1975; Zumft & Mortenson, 1975; Watt et al., 1975) . The real energy cost in terms of ATP equivalents to a cell fixing N, under conditions where respiration is possible, may be considerably higher than about 14 to 16 ATPIN,. A H2/NH,+ ratio of 0.65 corresponds to 4-3 pairs of low potential electrons per N, reduced, electrons which potentially could have given 13 ATP if used in oxidative phosphorylation (assuming a P/O ratio of 3). The total energy cost may therefore be close to 30ATP equivalents per N,, or 35 to 40ATP equivalents including the 'maintenance' energy requirement of the organism.
Nitrogenase in vitro is most efficient at slightly alkaline pH and relatively low temperatures. ATP hydrolysis is uncoupled from substrate reduction for clostridial nitrogenase below pH 6 (Jeng, Morris & Mortenson, 1970) and for nitrogenase from A . vinelandii at temperatures above 20 "C (Watt et al., 1975) . The glucose requirement for N, fixation increased at pH values below pH 7 (Fig. 5b) and temperatures above 20 "C (Fig. 5 c) . The apparent ATP/N, requirement (Table 4) also increased: to 41 at pH 4-8 and 25 "C, and to 30 at 40 "C and pH 7-3. This large increase at pH 4-8 may be due mainly to the low rate of fixation (25 % of the rate at pH 7 3 , causing the relative contribution of the cells 'maintenance ' energy requirement to increase. If the glucose consumption observed for the Energetics of nitrogen Jixation 119 Nif-strain SK-48 at pH 4-8 measures the 'maintenance' energy requirement, then the apparent ATPIN, value for the nitrogenase reaction is 20. A similar correction gives an apparent ATP/N, value of 27 for the nitrogenase reaction at 40 "C. If the observed nitrogenase-catalysed H, evolution (Fig. 8 a, b) is also considered then the apparent ATP/2e values are 3.0 at pH 4.8 (25 "C) and 4.0 at 40 "C (pH 7.3). These values are, though, only approximations.
Mutants blocked in the conventional hydrogen-producing system
The Klebsiella strains used in the present study for quantitative determination of nitrogenase-mediated H, evolution were isolated as chlorate-resistant clones. The mutant strains N-20 to N-27 did not take up H, nor evolve H, unless nitrogenase was present ( Table 2 ). The patterns of inhibition of H, evolution and nitrogenase activity by cyanide were identical in these strains. It is concluded that these strains in addition to being blocked in nitrate reduction (K. T. Shanmugam, unpublished work), were also blocked in the conventional hydrogen-producing system, thus suggesting that a reduction step, shared by both pathways, may be altered. Similar pleiotropic effects of mutations leading to chlorate resistance have been produced in K. aerogenes (Stouthamer et aZ., 1967) and Escherichia coli (Azoulay & Marty, I 970) giving strains defective in the formate-hydrogenlyase system even though hydrogenase was still present.
The chlorate-resistant strains N-20 to N-27 were apparently not impaired in their energy metabolism since their glucose requirement for N, fixation was the same as for the other derepressed strains described before (Tables I and 3) . Stouthamer (1967) observed that chlorate-resistant strains of K. aerogenes which did not produce gas also gave the same growth yield on glucose as the wild type.
Nitrogenase-catalysed H2 evolution Several different strains had H,/NH,+ molar ratios of 0-6 to 0.7 at pH 7-3, 25 "C and IOO % N, (Table 3) which agrees with values reported for nitrogenase in vitro. Even in the presence of roo % N,, the H2/NH4+ molar ratio for purified nitrogenase from A. vineZandii drops to only 0.5 to 0.8 (Hadfield & Bulen, 1969; Hwang, Chen & Burris, 1973; Burns & Hardy, 1972 ). Hill's (1976) study indicated that the H,/NH,+ molar ratio was probably significantly higher than 0.65 in glucose-limited chemostat cultures of K. pneumoniae. This difference may be due to ATP limitation since Silverstein & Bulen (1970) reported that low ATP concentrations caused an increase in the H,/NH4+ ratio for isolated nitrogenase from A . vinelandii.
When N, was replaced by Ar, the production of H, markedly increased in cultures of K. pneumoniae (Fig. 7) . Since the rate of glucose consumption stayed at a high level when N, became limiting (Table 3 ), additional energy must have been lost through nitrogenasecatalysed H, production. The energy requirement, expressed as ATP/2e value, is apparently the same for nitrogenase-catalysed H, production as for NH,+ production ( Table 4) . These observations agree with in vitro studies of nitrogenase where ATP/2e values are the same for reduction of N,, H+ and other substrates (see, for example, Hadfield & Bulen, 1969) or slightly lower for H+ than for N, (Hwang & Burris, 1973) .
In conclusion, energy lost through nitrogenase-catalysed H, production comprising at least 30 %, and, under unfavourable conditions of temperature and pH, even more, is an important factor in the energy requirement for biological N, fixation.
Energy sparing eflect In a number of in vitro studies the electron turnover rate for nitrogenase was the same when N, plus H+ were substrates (N, atmosphere) or H+ alone (Ar atmosphere) (see I20
K. A N D E R S E N A N D K. T. S H A N M U G A M
Burns . The rate of both electron turnover for nitrogenase and glucose consumption by intact organisms under Ar atmosphere was 75 to 80 % of the corresponding rate under N, (see Table 3 ). Acetate production is consistent with the fermentation pattern being unchanged (Table 4) .
Therefore, in the absence of N,, a 20 to 25 % energy sparing can occur in vivo but not apparently in vitro. Organisms may have evolved mechanisms that allow a partial shutdown of the electron flow through nitrogenase when N, is limiting or when other nitrogen sources become available. Ludden & Burris (1976) recently reported the presence of an activating factor needed for nitrogenase activity in Rhodospirillum rubrum.
Energy supply may be the rate-limiting step of symbiotic N, fixation (Hardy & Havelka, . To use bacteria such as root nodule bacteria (Rhizobium) to the best advantage, genetic and physiological factors which lead to greater efficiency of N, fixation have to be identified so that the most efficient conditions or organisms can be selected. We have demonstrated that nitrogenase-catalysed H, production can be changed by physical means, and it may be possible to construct mutants whose nitrogenase works more efficiently. Recently, H, uptake hydrogenase, which permits organisms with this enzyme system to recoup some of the ATP expended on nitrogenase-catalysed H, evolution, have been described (Dixon, 1972; Smith et al., 1976) . Optimizing this system is perhaps more likely to improve the energy efficiency of symbiotic N, fixation in important crop plants.
